Background/Objectives: Glycaemic responses are influenced by carbohydrate absorption rate, type of monosaccharide absorbed and the presence of fat; the effect of some of these factors may be modulated by metabolic differences between subjects. We hypothesized that glycaemic index (GI) values are affected by the metabolic differences between subjects for foods containing fructose or fat, but not for starchy foods. Subjects/Methods: The GI values of white bread (WB), fruit leather (FL) and chocolate-chip cookies (CCC) (representing starch, fructose and fat, respectively) were determined in subjects (n ¼ 77) recruited to represent all 16 possible combinations of age (p40, 440 years), sex (male, female), ethnicity (Caucasian, non-Caucasian) and body mass index (BMI) (p25, 425 kg/m 2 ) using glucose as the reference. At screening, fasting insulin, lipids, c-reactive protein (CRP), aspartate transaminase (AST) and waist circumference (WC) were measured. Results: There were no significant main effects of age, sex, BMI or ethnicity on GI, but there were several food Â subject-factor interactions. Different factors affected each food's area under the curve (AUC) and GI. The AUC after oral glucose was related to ethnicity, age and triglycerides (r 2 ¼ 0.27); after WB to ethnicity, age, triglycerides, sex and CRP (r 2 ¼ 0.43); after CCC to age and weight (r 2 ¼ 0.18); and after FL to age and CRP (r 2 ¼ 0.12). GI of WB was related to ethnicity (r 2 ¼ 0.12) and of FL to AST, insulin and WC (r 2 ¼ 0.23); but there were no significant correlations for CCC.
Introduction
The glycaemic index (GI) is a classification of the glycaemic impact of the available carbohydrates in foods (Jenkins et al., 1981) , which may help consumers choose carbohydrate foods for optimal health and performance. Food GI might influence memory (Benton et al., 2003) , athletic performance (DeMarco et al., 1999) , appetite regulation and energy balance (Wolever, 2008) . Low GI diets are associated with reduced risk for type 2 diabetes, and there is some evidence to suggest a protective role in cardiovascular disease and certain types of cancer (Barclay et al., 2008; Hare-Bruun et al., 2008) .
Nevertheless, questions have been raised about the utility of the GI. One major concern is that GI values are inconsistent (DeVries, 2007) and may vary between individuals because glycaemic responses are affected by many factors, such as age, sex, body mass index (BMI) and ethnicity, which affect insulin sensitivity and secretion (Pi-Sunyer, 2002) . However, glycaemic response, which is an incremental area under the curve (AUC), is not the same as GI, which is food AUC expressed as a percentage of glucose AUC in the same subject. Thus, factors that affect AUC may not necessarily affect GI.
The GI values of starchy foods, such as bread, rice and potato, are thought to be determined by their rates of digestion in the small intestine and seem to be similar in different subjects regardless of their glucose tolerance status (Wolever, 2006) . Starchy carbohydrate foods contain only trace amounts of confounding factors, such as fructose (either as fructose or sucrose) and fat, but other types of carbohydrate foods contain fructose (e.g. fruit) or fat (e.g. potato chips) or both (e.g. chocolate). The glycaemic impact of fructose depends on its hepatic metabolism, which may be affected by liver dysfunction and/or insulin resistance. The effect of fat on glycaemic responses may depend on insulin sensitivity (Moghaddam et al., 2006) . Thus, whether or not the GI of a food varies in different subjects may depend not only on the subject factor(s) involved, but also on the nutrient composition of the food. Specifically, we hypothesized that metabolic differences between subjects do not affect the GI values of starchy foods, but do affect the GI values of foods containing fructose or fat.
To test this hypothesis, we determined the GI of three foods, white bread (WB), fruit leather (FL) and chocolatechip cookies (CCC) (representing starch, fructose and fat), in subjects stratified by age, sex, ethnicity and BMI. Although we were primarily interested in the effect on food GI of metabolic parameters related to insulin sensitivity, we recruited subjects based on age, sex, ethnicity and BMI for three reasons: the effect of these factors is important to understand; it is quicker and easier to stratify subjects based on physical rather than the biochemical measurements; and we expected this strategy to yield a population of subjects with wide variation in metabolic parameters related to insulin sensitivity so that their relationship to GI could be explored.
Materials and methods
The protocol for this study was approved by the Western International Review Board and all subjects gave voluntary consent to participate by signing the approved consent form.
Subjects
Healthy subjects aged 18-75 years with BMI o35 kg/m 2 were stratified, a priori, by sex (male or female), ethnicity (Caucasian or non-Caucasian), age (o40 or X40 years) and BMI (desirable (o25 kg/m 2 for Caucasians or o23 kg/m 2 for non-Caucasians) or overweight). All possible combinations of these 4 factors gave 16 cells, into each of which we aimed to recruit 5 subjects, for a total of n ¼ 80.
Procedures
After being screened for weight, height, waist circumference (WC), blood pressure, fasting serum glucose, insulin, urea, creatinine, aspartate transaminase (AST), total and HDL cholesterol and triglycerides, and c-reactive protein (CRP), eligible subjects were studied for six mornings after 10-14 h overnight fasts. After a fasting capillary finger-prick blood sample, subjects consumed a test meal within 10 min, and gave further blood samples at 15, 30, 45, 60, 90 and 120 min. Fasting blood pressure was measured on two of the test days, and the average of the three determinations in each subject was used for statistical analysis. The test meals (Table 1) consisted of 50 g availablecarbohydrate portions of WB, Kettle Valley Strawberry Fruit Bar (SunOpta, Inc., Brampton, ON, Canada), Montana Chocolate Chip Cookies (Kinnikinnic Foods Inc., Edmonton, AB, Canada) or anhydrous glucose (Fisher Scientific Co., Ottawa, ON, Canada) dissolved in 250 ml water. The WB was baked in an automatic bread maker as described earlier (Wolever et al., 2006a) . Subjects could choose to drink 1 or 2 cups of water, coffee or tea (with 30 ml of 2% milk if desired) with the meal; the drink chosen remained constant for all tests. Tests were done in three blocks; each block consisted of 50 g glucose and one test food. The order of the tests within blocks and of test foods between blocks was randomized.
Serum biochemical parameters were analysed at the biochemistry laboratory of St Michael's Hospital, Toronto. Low-density lipoprotein cholesterol was calculated from total and high-density lipoprotein cholesterol and triglycerides. Capillary blood glucose was measured using an automatic analyser (2300 STAT, Yellow Springs Instruments, WI, USA). Fasting glucose was measured in duplicate as described earlier (Wolever et al., 2006b) .
Calculations
Incremental areas under the blood glucose response curves (AUC) were calculated geometrically, ignoring area beneath Statistical analysis AUC and GI values were subjected to analysis of variance (ANOVA) examining for the main effects of foods and subjects, nested according to sex, age, ethnicity and BMI (taken as categorical variables) and the interactions between subject categories and foods (Cody and Smith, 1997) . To maintain the balanced numbers across comparisons, missing values from two cells were imputed as the mean of the existing values. After showing significant heterogeneity, the significance of differences between means was assessed using Tukey's test to control for multiple comparisons (two-tailed Po0.05).
The ANOVA revealed significant food Â sex Â age Â BMI, food Â ethnicity Â age Â BMI and food Â sex Â ethnicity Â BMI interactions for AUC and/or GI. To explore the nature of these interactions, AUC and GI values were subjected to ANOVA as described above for each food separately. To see whether the effects of sex, age, BMI and ethnicity could be explained by metabolic parameters related to insulin sensitivity, the associations between all the variables shown in Table 2 and GI or AUC values were determined for each food separately by multiple linear regression analysis, using the step-up procedure. Age and BMI were treated as continuous variables, and sex and ethnicity were included in the models using dummy variables (male, 1; female, 0; Caucasian, 1; non-Caucasian, 0).
Results
Seventy-seven (77) subjects were recruited to fill 14 of 16 cells with 5 subjects each. The three missing subjects were lean, non-Caucasian males, 1p40 years and 2440 years. Clinical characteristics of the subjects, by age, sex, ethnicity and BMI categories, are shown in Table 2 .
Reproducibility of blood glucose analysis and responses
The s.d. for 429 duplicate measures of fasting glucose was 0.071 mmol/l (mean 4.465 mmol/l) for a CV of 1.58%. The refCV for all 77 subjects was 19.4 ± 11.7% (mean ± s.d.). RefCV did not differ significantly in males (mean ± s.e.m., 18.5±1.9%) vs females (20.1±1.9%) or Caucasian (20.3 ± 2.0) vs non-Caucasians (18.4 ± 1.8%), but was greater in p40 years (22.7 ± 2.1%) vs 440 years (15.9 ± Table 2 Clinical characteristics of subjects studied divided by sex, ethnicity, age and BMI
Age (year) 38.2 ± 2.1 39.1 ± 2.1 39.9 ± 2.3 37.4 ± 1.8 28.8 ± 0.9 48.8 ± 1.6** 39.9 ± 2.3 37.6 ± 1. 92.3 ± 2.0 83.5 ± 1.7** 89.1 ± 2.0 86.3 ± 1.9 84.9 ± 1.6 90.6 ± 2.2* 79.7 ± 1.4 95.2 ± 1.6** SBP (mm Hg) 122 ± 2 111 ± 2** 115 ± 2 117 ± 2 113 ± 2 118 ± 2 112 ± 2 119 ± 2* DBP (mm Hg) 71 ± 2 6 9 ± 2 6 8 ± 2 7 1 ± 2 6 9 ± 1 7 1 ± 2 6 6 ± 2 7 3 ± 2** Gluc. 1.20 ± 0.00 1.30 ± 0.10* 1.30 ± 0.10 1.20 ± 0.00 1.20 ± 0.00 1.30 ± 0.10 1.40 ± 0.10 1.20 ± 0.00** LDL (mmol/l) 3.10 ± 0.10 2.90 ± 0.10 3.00 ± 0.10 3.10 ± 0.10 2.80 ± 0.10 3.30 ± 0.10** 3.00 ± 0.10 3.10 ± 0.10 AST (U/L) 25.6 ± 1.4 20.7 ± 0.9** 24.4 ± 1.4 21.6 ± 0.8 21.9 ± 0.9 24.2 ± 1.4 20.9 ± 0.8 25. Glycaemic response incremental areas under the curve There was a significant main effect of food (Po0.001) on AUC ( Figure 1 ) with glucose4WB4CCC4FL (mean ± s.e.m.: 242±11, 168±8, 98±5 and 77±4 mmol Â min/l, respectively, all Po0.05). The AUC was lower in Caucasians than non-Caucasians and in subjects p40 years than 440 years (Table 3 ). There were significant food Â ethnicity and food Â age interactions (Table 3 ). There were no significant interactions between food and any two subject categories, but there were significant food Â sex Â age Â BMI (P ¼ 0.043) and food Â ethnicity Â age Â BMI (P ¼ 0.009) interactions. When ANOVA was performed for each food separately, AUC after WB was significantly greater in non-Caucasians than Caucasians (Po0.001), but there was no effect of ethnicity for any other food (Table 3) . Subjects aged 440 years had significantly higher AUC than those p40 years after glucose (P ¼ 0.004), WB (P ¼ 0.004) and CCC (P ¼ 0.016), but not FL. Lean subjects had a significantly higher AUC than overweight subjects after FL (P ¼ 0.002), but not other foods. There was no significant effect of sex on AUC. There was a significant sex Â ethnicity Â BMI interaction for AUC after FL (Figure 2 ) and significant ethnicity Â age Â BMI interactions for AUC after glucose and FL (Figure 3) . The nature of these interactions is described in the footnotes of the figures.
Glycaemic index
There was a significant main effect of food on GI (Po0.001) with glucose4WB4CCC4FL (mean±s.e.m.: 100±0, 72±3, 42 ± 2 and 33 ± 1, respectively, all Po0.05). The coefficients of variation (CV ¼ 100 Â s.d./mean) of the GI values for WB, CCC and FL, respectively, were 33, 42 and 35%. The CV 2 for WB divided by the CV 2 for CCC yielded a value for F (76,76) of 1.59 (P ¼ 0.022), suggesting that the relative variation of GI for CCC was significantly greater than that for WB. However, the difference in CV between CCC and FL was not significant (P ¼ 0.062). There were no significant main effects of sex, ethnicity, age or BMI, but there were significant food Â ethnicity (P ¼ 0.003) and food Â BMI (P ¼ 0.007) interactions (Table 3 ). There were no interactions between food and any two subject categories, Mean: four foods 61 ± 1 6 2 ± 2 6 1 ± 1 6 3 ± 1 6 2 ± 2 6 1 ± 1 6 2 ± 1 6 2 ± 2 but the food Â ethnicity Â age Â BMI (P ¼ 0.014) and food Â sex Â ethnicity Â BMI (P ¼ 0.016) interactions were significant.
When ANOVA was performed for each food separately, there were no significant main effects of sex or age. The GI of WB was significantly lower in Caucasians than Abbreviations are as follows: C, Caucasian; N, non-Caucasian; p40, agep40 years; 440, age440 years; O, overweight; L, lean; WB, white bread; CCC, chocolate-chip cookies; FL, fruit leather. The P-values are the significance of the interactions (ns, not significant). Significant (Po0.05) differences in AUC after glucose: the effect of BMI (O-L) in Np40 (71) differed from N440 (À87) and the effect of age (p40À440) in NO (29) differed from NL (À129). Significant (Po0.05) differences in AUC after FL: N440O vs N440 L; the effect of BMI (O-L) in N440 (À50) differed from Np40 ( þ 10); the effect of age (p40À440) in NL (À41) differed from NO ( þ 19). Significant (Po0.05) differences in GI of CCC: the effect of ethnicity (C-N) in 440 L ( þ 15) differed from 440O (À13) and p40 L (À10); the effect of BMI (O-L) in N440 ( þ 12) differed from C440 (À16) and Np40 (À12); the effect of age (p40À440) in NL ( þ 13) differed from CL (À12) and NO (À11).
Effect of subject characteristics on GI TMS Wolever et al non-Caucasians (Po0.020) and the GI of FL was significantly greater in lean than overweight subjects (P ¼ 0.013, Table 3 ). There was a significant sex Â ethnicity Â BMI interaction for the GI of WB (Figure 2 ) and a significant ethnicity Â age Â BMI interaction for GI of CCC (Figure 3 ). The nature of these interactions is described in the footnotes of the figures.
Regression analyses
Stepwise multiple linear regression procedure yielded six factors related to AUC after any of the test meals: ethnicity, age, serum triglyceride (TG), sex, CRP and body weight (kg). Age was the significant factor for all four test meals; ethnicity and serum triglyceride for glucose and WB; sex for WB; CRP for WB and FL; and body weight for WB and CCC (Figure 4) . The multiple regression procedure yielded five factors significantly related to GI values for any food: ethnicity, systolic blood pressure, fasting insulin, AST and WC. The GI of WB was related to ethnicity and the GI of FL to insulin, AST and WC ( Figure 5 ). The GI of CCC was significantly related to insulin (r 2 ¼ 0.062, P ¼ 0.029), but this was due to an outlying value for fasting insulin (4.9 Â s.d. above the mean), and became nonsignificant when the outlying value was excluded ( Figure 5) . Exclusion of the outlying insulin value had no important effect on any of the other regression coefficients, did not change any of the factors included in the models and did not change the P-values to become nonsignificant.
Discussion
The results showed that metabolic factors within the subjects affect the glycaemic impact of foods, but that the magnitude of the effects and the factors involved differ for oral glucose, WB, FL and CCC. In addition, factors affecting AUC differ from those affecting GI.
Older age, non-Caucasian ethnicity and high triglycerides are associated with insulin resistance (Chen et al., 1985; Haffner et al., 1996; Harris et al., 1998; Dickinson et al., 2002; Lewis et al., 2002; Lam et al., 2007) , which increases postprandial glucose by increasing the hepatic glucose output and reducing the muscle glucose uptake (Hwang et al., 1995; Bruttomesso et al., 1999) . However, fasting insulin, a measure of insulin sensitivity (Laakso, 1993; Clausen et al., 1996) , was not independently related to AUC for any food. This may reflect the imperfect correlation between fasting insulin and insulin sensitivity (Ferrannini Figure 4 Multiple regression models for determinants of incremental area under the blood glucose response curves (AUC) elicited by glucose and each of the three test foods. The values on the x axis represent the estimates from the model, with each factor included making a significant independent contribution: A, age; E, ethnicity (0, non-Caucasian; 1, Caucasian); TG, serum triglycerides; S, sex (0,female; 1, male); CRP, c-reactive protein; kg, body weight. The values for r 2 represent the coefficients of determination. Lines are regression lines. . The values on the x axis represent the estimates from the model, with each factor included making a significant independent contribution (the relationship between FPI and GI for chocolate-chip cookies became nonsignificant after excluding the outlier): E, ethnicity (0, non-Caucasian; 1, Caucasian); FPI, fasting plasma insulin; AST, aspartate transaminase; WC, waist circumference. The values for r 2 represent the coefficients of determination. Lines are regression lines. , 2002) , or indicate that other mechanisms are involved. The latter is also suggested by the fact that CRP, which is positively associated with insulin resistance (Haffner, 2006) , was negatively associated with AUC. The lower AUC in men vs women and subjects with high body weight may reflect greater body size and, hence, greater blood volume for dilution and muscle mass for disposal of a fixed amount of carbohydrate ingested. However, the effect of subject factors on postprandial glucose differed significantly for different foods. For example, ethnicity and serum triglycerides were strongly associated with AUC after glucose and WB, but not after CCC and FL. The subject factors measured explained 27-43% of the variation in AUC after glucose and WB, but only 12-18% of AUC variation after FL and CCC. This may be due to the lower AUC values after FL and CCC than after glucose and WB, so that random variation was a relatively larger proportion of total variation. However, it could also be due to the confounding effects of fructose and/or fat in CCC and FL.
Effect of subject characteristics on GI
Insulin resistance and fructose have different effects on flux through the glycolytic pathway in the liver. Glucokinase, an enzyme which phosphorylates glucose to glucose-6-phosphate, regulates the rate of glucose uptake by liver and also influences the rates of glucose storage and hepatic glucose output. Insulin resistance is associated with reduced glucokinase levels (Wu et al., 2005) , which could reduce hepatic glucose uptake and, hence, increase postprandial glycaemic responses. In contrast, hepatic fructose uptake does not depend on glucokinase activity. However, fructose may increase glucokinase activity (Lê and Tappy, 2006) , which could increase hepatic glucose uptake and reduce hepatic glucose output, thus, reducing postprandial glycaemia (Wolf et al., 2002) .
The main objective of this study was to see whether subject factors influenced the GI value of foods. GI is defined as 100 Â AUC F /AUC R (where AUC F is AUC after a food and AUC R is AUC after the reference food, here oral glucose); hence, the concept of 'GI' should not be confused with 'glycaemic response'. The glycaemic response of a food is AUC F , whereas GI is determined by both AUC F and AUC R . Factors affecting AUC have no effect on GI if the factors affect both AUC F and AUC R to the same extent. For example, in this study, older age was associated with a 30% increase in mean AUC after oral glucose, but a similar effect for WB (30%), CCC (32%) and FL (17%); thus, age had no effect on the GI of these foods. For a subject factor to affect the GI of a food, that factor would have to have different effects on AUC F and AUC R .
The GI value of WB was significantly affected by ethnicity, but this was not explained by any of the metabolic factors measured. The GI of starchy foods is determined by their rates of digestion (Björk et al., 2000) . As glucose does not require digestion, but the starch in WB does, the ethnic difference in GI of WB could be explained by ethnic differences in starch digestion. A possible genetic basis for this is the recent demonstration that descendants of traditional agricultural societies with high starch consumption had higher human salivary amylase gene copy number (associated with higher salivary amylase activity) than descendants of societies with low starch intakes (Perry et al., 2007) . It is not clear how this could have an important effect on starch digestion, most of which is thought to occur in the small intestine by pancreatic amylase (Mathers and Wolever, 2002) . However, a high amount of salivary amylase would increase starch digestion in the mouth, producing more sugars, which may affect the palatability of starchy foods, which, in turn, might influence gastrointestinal function.
The GI value of FL was lower in subjects with high WC and fasting insulin, factors associated with insulin resistance. This could occur because, as explained above, insulin resistance is associated with reduced hepatic glucokinase activity, which may increase glycaemic responses to a greater extent after oral glucose than fructose. In addition, the GI of FL was directly related to the subject's serum AST. High AST is a marker of hepatic dysfunction associated with nonalcoholic fatty liver disease (NAFLD), a relatively common complication of obesity. NAFLD is associated with insulin resistance (Bajaj et al., 2003) and glucose intolerance (Su et al., 2006) . Hepatic fat accumulation may be associated with reduced Krebs cycle activity in mitochondria (Serkova et al., 2006) , which may reduce fructose flux through the glycolytic pathway and direct it toward glucose production and hepatic glucose output.
There was a significant ethnicity Â age Â BMI interaction for the GI of CCC, but this was not explained by ethnicity or the metabolic variables measured. Cookies such as CCC may have a low GI because the starch they contain is poorly gelatinized because of low moisture content and the presence of sucrose, which further restricts water activity (Ross et al., 1987) . The fat in cookies may also contribute to their low glycaemic response. The 50 g carbohydrate portion of CCC contained B10 g fat, an amount which, when added to 50 g carbohydrate from WB, reduced mean AUC by 17% (Owen and Wolever, 2003) . However, the ability of fat to reduce glycaemic responses may be reduced in insulin-resistant subjects (Moghaddam et al., 2006) . Thus, we expected the GI of CCC to be high in hyperinsulinaemic subjects; but we found no significant effect. Fat may have different effects when added to solids as opposed to liquids, and its effects could be confounded by the presence of fructose. The s.d. of the GI value of CCC, when expressed as CV, was significantly greater than that of WB. This might reflect the variable effects of fat and/or fructose on glycaemic responses in the different subjects.
We allowed subjects to drink water, coffee or tea with the test meals, which might be thought to introduce betweensubject variation and, hence, be a flaw in the study design. However, we do not believe this to be a problem because, compared with drinking water, coffee and tea have no significant effect on AUC (Young and Wolever, 1998) or GI (Aldughpassi and Wolever, 2009 ) and may actually reduce variation in GI (Aldughpassi and Wolever, 2009 ).
We anticipate that our results will be used to support the position that the GI is too variable to be useful. However, drawing this conclusion logically demands that one also rejects the clinical utility of data linking high blood glucose after oral glucose challenge to increased risk for morbidity and mortality (Coutinho et al., 1999 ; Decode study group, 1999) because we showed that factors affecting AUC after oral glucose are not the same as those after normal foods. Nevertheless, we believe both these positions to be overstated because the confounding effects of subject characteristics on both AUC and GI were relatively small. Rather, our results may help refine the appropriate uses and methodology for GI. More work is needed to define the amounts of fat and/or fructose associated with unacceptably large between-subject variation. A limitation to our study is that we cannot separate the effects of fat and fructose as CCC contained both.
It was intended originally that the GI should apply to starchy carbohydrate foods and we have always contended that the GI values of such foods are the same in different subjects regardless of their glucose tolerance status (Wolever, 2006) . The present results support this, as the GI value of WB was not significantly related to any of the metabolic factors measured. However, there was a small but significant effect of ethnicity, which accounted for 12% of total variation. This needs to be confirmed for other starchy foods. It is possible that the difference because of ethnicity may be reduced by using bread as the reference food instead of glucose.
We conclude that the GI values of foods containing fructose might be influenced by metabolic differences between -subjects, whereas the GI of starchy foods might be affected by ethnicity. However, the proportion of variation explained by subject factors is small.
